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Simple equations are proposed for determining elastic modulus and hardness properties
of thin films on substrates from nanoindentation experiments. An empirical formulation
relates the modulus E and hardness H of the film/substrate bilayer to corresponding
material properties of the constituent materials via a power-law relation. Geometrical
dependence of E and H is wholly contained in the power-law exponents, expressed
here as sigmoidal functions of indenter penetration relative to film thickness. The
formulation may be inverted to enable deconvolution of film properties from data on
the film/substrate bilayers. Berkovich nanoindentation data for dense oxide and nitride
films on silicon substrates are used to validate the equations and to demonstrate the
film property deconvolution. Additional data for less dense nitride films are used to
illustrate the extent to which film properties may depend on the method of fabrication.

I. INTRODUCTION

There is considerable interest in the use of instru-
mented nanoindentation as a means of characterizing me-
chanical properties of small-scale specimens, notably
Young’s modulus E and hardness H.1,2 This is especially
true of thin films on substrates. The practical importance
of thin film systems makes it desirable to determine
closed-form relations for E and H in terms of film thick-
ness and properties of the constituent materials. Analyti-
cally, the problem is intractable because of the compli-
cating influence of the film/substrate interface on the
elastic and plastic stress fields. Some empirical relations
have been proposed,3–11 basically using variations on a
rule of mixtures in combination with experimental or
finite element modeling data. Any one of these empirical
relations can generally be made to fit any given data set,

to a greater or lesser extent.3 Deconvolution of film prop-
erties from measurements on the composite film/
substrate bilayer is an ultimate goal.

In this study we propose a variant formulation for
determining E and H of thin films from nanoindentation
measurements. The approach follows that used by Hu12

for spherical indenters on bilayers, here modified to ac-
commodate the case of fixed-profile indenters, e.g.,
Berkovich or Vickers. A power-law function is used to
relate E and H for the film/substrate composite to values
for the constituent materials, with exponent dependent
exclusively on indenter penetration relative to film thick-
ness, h/d. Advantages of this approach are that the for-
mulation is simple, the material and geometrical factors
are separable, and the same formulation applies equally
well where the stiffer/harder component comprises either
the film or the substrate. Data for oxide and nitride films
on a silicon substrate are used to evaluate coefficients in
the E and H relations and to illustrate the utility of these
relations as a means of deconvoluting the film properties.

II. EXPERIMENT

Silicon with highly polished (100) surfaces (<1 nm
surface finish) was chosen as our model substrate (Uni-
versity Wafer, South Boston, MA). For the bulk of the
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studies, the silicon was coated with two kinds of films:
(i) oxide, by thermal oxidation in moist oxygen atmos-
phere at 1100 °C; (ii) nitride, by low-pressure chemical
vapor deposition (LPCVD) in SiH2Cl2/NH3 atmosphere
at 830 °C. Films with thicknesses ranging from 50 nm to
1.5 �m were deposited. X-ray diffraction was used to
confirm that both kinds of film were amorphous. Scan-
ning electron and atomic force microscopy indicated
smooth film surfaces with roughness <10 nm and free of
pores, indicating close to fully dense structures.

As a comparison case study, a different nitride film
was fabricated by plasma-enhanced chemical vapor
deposition (PECVD) in SiH4/NH3/N2 atmosphere at a
low temperature of 100 °C. In this case, the film thick-
ness was 500 nm. These films were again amorphous but
rougher, with some porosity.

Nanoindentations (Nanoindenter XP, MTS Systems
Corp., Oakridge, TN) were made on the film surfaces
using a Berkovich indenter (tip radius <100 nm). Meas-
urements were also made directly on some control silicon
substrate surfaces (presumably with a natural oxide layer
∼1 nm). Determinations of specimen E and H were made
from load–displacement (P–h) curves,1 over a range of
indenter penetrations h � 70 nm to 3 �m. A Poisson’s
ratio � � 0.22 (not a critical parameter) was used for all
materials in the modulus evaluations. Atomic force
microscopy (AFM) was used to confirm that the indents
were well-formed over this penetration range.

III. ANALYSIS

Consider the bilayer indentation system in Fig. 1, con-
sisting of a homogeneous film of thickness d on a ho-
mogeneous substrate. A sharp, fixed-profile indenter is
pressed onto the top surface at load P, with characteristic

contact radius a at full contact, or, equivalently, maxi-
mum penetration depth h. Assume that the volumes of
influence of the elastic and plastic deformation fields are
described by a hemisphere of radius a. Within the con-
fines of this assumption, the principle of geometrical
similarity13 suggests that the deformation fields must
have an invariant geometric form for a given ratio a/d or
h/d. Then the elastic and plastic responses will change
progressively from film-dominated at small a/d to sub-
strate-dominated at large a/d, with the transition centered
around a/d ≈ 1; i.e., h/d ≈ 1/7 for Berkovich and Vickers
indenters.2

Accordingly, we may expect modulus and hardness to
be expressible as functions E(Ef,Es,h/d) and H(Hf,Hs,
h/d), with subscripts f and s denoting film and substrate.
Here we adapt a simple approach previously used by
Hu12 for spherical indentations, by writing modulus E
and hardness H as power-law functions

E = Es�Ef �Es�
L , (1a)

H = Hs�Hf�Hs�
M , (1b)

where the exponent terms are dimensionless spatial func-
tions L � L(h/d) and M � M(h/d). This formulation
conveniently separates material and geometry terms.
Equation (1) must satisfy essential boundary conditions:
h/d → 0, E � Ef and H � Hf, L � 1 and M � 1 (small
penetrations, film-dominated limit); h/d → �, E � Es

and H � Hs, L � 0 and M � 0 (large penetrations,
substrate-dominated limit). These boundary conditions
are most simply and smoothly satisfied by sigmoidal
functions

L = 1��1 + A�h�d�C� , (2a)

M = 1��1 + B�h�d�D� , (2b)

where A, B, C, and D are adjustable coefficients.

IV. RESULTS

Plots of modulus E and hardness H as a function of
indenter penetration h, for specified film thicknesses d,
are shown in Fig. 2 for dense oxide and in Fig. 3 for
dense (LPCVD) nitride films on silicon substrates. Each
point is an average of about 10 nanoindentations. Stan-
dard deviation error bounds, omitted here to avoid ex-
cessive data overlap, are typically 10% of the means.
Baseline E and H data for silicon substrates show no
detectable variation with h, with means and standard er-
rors ES � 169.5 ± 1.2 GPa and HS � 12.7 ± 0.1 GPa (32
data points, i.e., over 300 indentations). These data are
omitted from Figs. 2 and 3 to avoid confusing overlap
and are instead represented by horizontal dashed lines
corresponding to mean values. E and H data sets for the
film/substrate specimens all tend asymptotically to these

FIG. 1. Schematic illustration of fixed-profile nanoindentation on
film/substrate system, indicating hemisphere of influence for defor-
mation field.
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dashed lines as h becomes large, as required. At the other
end of the data range, as h becomes small, E and H tend
downward or upward for oxide (Fig. 2) or nitride (Fig. 3)
films, respectively. In each case the data sets shift to the
right for films with larger d.

The modulus and hardness data for the oxide and ni-
tride film systems in Figs. 2 and 3 are replotted in nor-
malized form, modulus E(h/d) in Fig. 4 and hardness
H(h/d) in Fig. 5. The data for each film system appear to
reduce to universal curves, again asymptotically at large
d to ES � 169.5 GPa and HS � 12.7 GPa for substrate
silicon. Solid curves through the data are simultaneous
regression best fits of Eqs. (1) and (2) to each data set,
yielding common coefficients A � 3.76, C � 1.38, B �
1.47, D � 1.71. These same best fits yield means and
standard errors Ef � 72.5 ± 1.5 GPa and Hf � 11.5 ±
0.2 GPa for the oxide film (95 data points), and Ef �
266 ± 4 GPa and Hf � 35.0 ± 0.3 GPa for the nitride film
(65 data points).

Finally, in Fig. 6 we compare modulus E(h/d) and
hardness H(h/d) curves for the low-temperature PECVD

nitride films with those for LPCVD nitride films from
Figs. 4 and 5 (data for latter omitted). Curve fitting to the
data in Fig. 6 yields relatively low values Ef � 119 ±
3 GPa and Hf � 11.5 ± 0.3 GPa for the PECVD nitride
(means and standard errors, 36 data points), consistent
with a higher defect content in this more porous film.

V. DISCUSSION

We have proposed simple closed-form equations for
predicting elastic modulus E and hardness H of film/
substrate systems from constituent film and substrate
properties. More importantly, these equations, once
“calibrated,” make it possible to deconvolute film prop-
erties Ef and Hf from bilayer data. In principle, these
evaluations may be made even without prior knowledge
of substrate properties, but predeterminations of Es and
Hs considerably improve the accuracy. Clearly, the most
accurate Ef and Hf determinations require data accumu-
lation over as wide a range of h/d as possible, especially
at small h/d. In the most favorable cases, for relatively

FIG. 2. Plots of (a) modulus E and (b) hardness H versus indenter
penetration h for thermal oxide films on silicon, film thicknesses d
indicated. Horizontal dashed line is mean for silicon.

FIG. 3. Plots of (a) modulus E and (b) hardness H versus indenter
penetration h for LPCVD nitride films on silicon, film thicknesses d
indicated. Horizontal dashed line is mean for silicon.
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homogeneous films and prior knowledge of substrate
properties, Ef and Hf may be estimated with an uncer-
tainty of less than 10%. From the data trends in Figs. 4
and 5 it might be argued that reasonable first estimates
could be obtained solely from data in the plateau region
below h < 0.1d, without using any equations at all. How-
ever, a wider data range is always advisable, to confirm
that the data have indeed saturated. In addition, there is a
lower limit to the experimentally practical thickness h,
without invoking indenter tip radius corrections. For our
Berkovich indenter conditions this limit corresponds to
h ≈ 100 nm, which precludes data in the plateau region

for films of thickness d < 1 �m. In such cases, data
extrapolation from the larger h/d region using Eqs. (1)
and (2) is unavoidable.

As test of the validity of our formulation, we may
compare present determinations of Ef and Hf from Figs.
4 and 5 with literature values for fully dense, homoge-
neous materials. In the case of the oxide film, we may
expect the properties to be similar to those of bulk amor-
phous silica, SiO2. Values cited in the literature for this
material are in the vicinity of E � 70 GPa and H �
10 GPa, to within 10% or so. These values may be com-
pared with Ef � 72.5 GPa and Hf � 11.5 GPa for our
oxide film. It is more difficult to compare data for the
nitride films with values for bulk silicon nitride—in the
latter case, most literature data are reported on polycrys-
talline material, and are highly variable depending on
microstructure (grain size, crystalline phase, additives,
etc.).14 Nevertheless, microindentation hardness on thick,
dense CVD films using Vickers microindentations have
been reported as high as 34 GPa,15 which compares with

FIG. 4. Composite plots of oxide and nitride data, showing modulus
E versus reduced indenter penetration (relative to film thickness), h/d.
Data are shown from Figs. 2 and 3 (same symbols). Solid curves are
best fits to Eqs. (1a) and (2a) for each material. Horizontal dashed lines
are asymptotic limits for silicon (right) and film materials (left).

FIG. 5. Composite plots of oxide and nitride data, showing hardness
H versus reduced indenter penetration, h/d. Data are shown from
Figs. 2 and 3 (same symbols). Solid curves are best fits to eqs. (1b) and
(2b) for each material. Horizontal dashed lines are asymptotic limits
for silicon (right) and film materials (left).

FIG. 6. Plots for low-temperature PECVD nitride data, (a) modulus E
and (b) hardness H, for d � 500 nm, plotted as function of relative
penetration h/d. Solid curves through data are best fits to Eqs. (1) and
(2). Dashed curves represent fits to LPCVD silicon nitride from
Fig. 5.
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Hf � 35 GPa for our dense LPCVD nitride film. In the
case of the low-temperature PECVD nitride in Fig. 6, we
have no reliable basis for comparison, other than that the
considerably lower hardness is expected because of the
microstructural porosity.

Equations 1 and 2, even though empirical, constitute a
simple and useful formulation for modulus and hardness
determinations. It conveniently separates the material
properties, expressed as a power-law relation [Eq. (1)],
from the geometrical properties, contained solely within
the sigmoidal exponent function [Eq. (2)]. These sigmoi-
dal functions replace the Weibull functions used in the
earlier Hu formulation,12 with the advantage of smoother
asymptotic solutions at h/d → 0; i.e., in the region critical
to deconvolution of film properties. A feature of the for-
mulation is that it applies equally well to hard/stiff films
on soft/compliant substrates and vice versa. The relations
have adjustable coefficients (A, B, C, D) that first need to
be “calibrated.” We have done our calibration by fitting
to experimental data for silicon substrates with well-
defined oxide and nitride films. Similar calibrations
could be effected by fitting to finite element data for
specified material systems. The coefficients cannot be
expected to be truly universal because different film/
substrate material combinations will inevitably have dif-
ferent elastic/plastic zone geometries. In this context, the
assumption of hemispherical deformation zones (Fig. 1)
is oversimplistic. Special care may be warranted when
comparing using the equations to predict responses of
systems with films or substrates of different material
types (e.g., ceramic, metal, polymer). Nevertheless, the
formulation can be expected to be reliable in the evalu-
ation of film properties for any given material class.
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